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What is really known about the effects of nicotinamide
riboside supplementation in humans
Mads V. Damgaard and Jonas T. Treebak*

Nicotinamide riboside is a precursor to the important cofactor nicotinamide adenine dinucleotide and has elic-
ited metabolic benefits in multiple preclinical studies. In 2016, the first clinical trial of nicotinamide ribosidewas
conducted to test the safety and efficacy of human supplementation. Many trials have since been conducted
aiming to delineate benefits to metabolic health and severe diseases in humans. This review endeavors to sum-
marize and critically assess the 25 currently published research articles on human nicotinamide riboside sup-
plementation to identify any poorly founded claims and assist the field in elucidating the actual future potential
for nicotinamide riboside. Collectively, oral nicotinamide riboside supplementation has displayed few clinically
relevant effects, and there is an unfortunate tendency in the literature to exaggerate the importance and ro-
bustness of reported effects. Even so, nicotinamide riboside may play a role in the reduction of inflammatory
states and has shown some potential in the treatment of diverse severe diseases.
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INTRODUCTION
The purpose of this review is to highlight the currently available lit-
erature on nicotinamide riboside (NR) supplementation in humans.
Specifically, the intent is to critically assess this body of literature to
identify any baseless or poorly founded claims and assist the field in
delineating the future potential of NR supplementation. We believe
that we have assessed all currently available literature on the topic
(Table 1), with the exception of a series of studies where NR made
up a small part (~5% w/w) of a set of so-called “combinedmetabolic
activators” or “metabolic cofactors” (1–3). These studies were ex-
cluded because of the complexity of this treatment, making it diffi-
cult to attribute any effects to the individual compounds. In the
interest of transparency, it should be noted that the authors of
this review have been involved with several of the included
studies (4–8).

The pleiotropic roles of NAD+

NR is primarily of interest due to its relation to nicotinamide
adenine dinucleotide (NAD+). In biochemistry textbooks, NAD+

is lauded as an important cofactor in all cell types due to its
ability to supply the mitochondrial electron transport chain by
transferring electrons from glycolysis and the tricarboxylic acid
cycle in its reduced form, NADH. This fuels the process of oxidative
phosphorylation in the mitochondria, whereby adenosine diphos-
phate (ADP) is converted to adenosine triphosphate (ATP).
Another facet of NAD+ is its role as a cosubstrate in multiple enzy-
matic processes. In particular, two protein families, namely, the sir-
tuins and the ADP-ribosyltransferases, use NAD+ as a cosubstrate,
whereby NAD+ is consumed in a process that utilizes the ADP-
ribosyl (ADPR) moiety and releases nicotinamide (NAM). In addi-
tion to these two protein families, SARM1, CD38, and CD157/BST1
can consume NAD+, but in these cases, both NAM and either
ADPR or cyclic ADPR are released (9, 10).

NAD+ metabolism
With such a multitude of NAD+ consumers, naturally there are also
pathways in place to replenish the cellular NAD+ level (Fig. 1). The
three canonical pathways responsible are the Preiss-Handler
pathway, the de novo or kynurenine pathway, and the salvage
pathway (11). The Preiss-Handler pathway converts nicotinic acid
(NA) through nicotinic acid mononucleotide (NAMN) and nico-
tinic acid adenine dinucleotide (NAAD) to NAD+. The de novo
pathway is a multistep process starting from tryptophan and con-
verging with the Preiss-Handler pathway at the level of NAMN.
Nicotinic acid riboside (NAR), the deamidated version of NR,
also converges at the level of NAMN (12). The last pathway is the
salvage pathway, in which NAM is converted to nicotinamide
mononucleotide (NMN), and from there to NAD+. Instead of
being salvaged, NAM can also be targeted for excretion by conver-
sion to NAM N-oxide (NAMOX) or methyl-NAM (MeNAM) (13),
the latter of which can be oxidized to N-methyl-2-pyridone-5-car-
boxamide (Me2PY) and N-methyl-4-pyridone-5-carboxamide
(Me4PY) (14). The relevant enzymes for these conversions are in-
dicated in Fig. 1. Not all enzymes are present or active in all tissues.
As an example, the contribution of tryptophan andNA and, thus, of
the de novo and Preiss-Handler pathways to NAD biosynthesis is
primarily important in liver and kidney and has low to no contri-
bution in muscle (15, 16). Similarly, the only enzyme that has been
demonstrated to convert NAM to NAMOX, CYP2E1 (13), appears
to be exclusively expressed in the liver (17).

Absorption and incorporation of NR
At the cellular level, NR uptake is mediated by the equilibrative nu-
cleoside transporter protein family (18). Once inside the cell, NR
can be phosphorylated by the NR kinases (NRK1 and NRK2) to
become NMN (19) or be deribosylated by the purine nucleoside
phosphorylase to become NAM (20). In either case, the conversion
in principle allows entry into the salvage pathway and thus produc-
tion of NAD+. However, the incorporation of NAM into the NAD+

pool is highly tissue dependent (15), and few tissues are routinely
exposed to large amounts of NR since the majority of orally admin-
istered NR is converted to NAM by CD157 in the small intestine
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and then to NA in an interaction with the gut microbiota (21–23).
The hepatic uptake of NAD+ precursors, at least in the case of large
oral doses, is primarily in the form of NA as oral gavage with both
NAM and NR was much less potent in increasing hepatic NAD+

levels in NA phosphoribosyltransferase knockout mice (21).
These findings are supported by studies showing that oral adminis-
tration of labeled NAM andNR led to large quantities of labeled NA
and other deamidated metabolites in serum and whole blood from
the portal vein and in the liver (22, 23). The studies in question
further demonstrated the importance of the microbiota since the
rise in labeled NAD and other NAD-related metabolites in the
liver was severely blunted or absent in germ-free and antibiotics-
treated mice. As a result, the primary circulating NAD+ precursors
resulting from oral NR administration are NA and NAM (22), and
what little orally administered NR enters the blood in its native form
is rapidly converted to NAM in whole blood (half-life of ~3min), so
the concentration of NR in the blood is very low (15).

HUMAN TRIALS
So far, NR has only been given to humans as an oral supplement,
and this will not be reiterated for each trial in the following sections.

Trials without placebo groups
Before addressing the results of the trials performed without
placebo groups, a few general comments on this type of trial is in
order. Excluding placebo controls from human trials can be accept-
able, but it changes how the data should be interpreted. If a single
group is tested, it means that comparisons have to be performed
between measurements taken at baseline and measurements taken
during or after treatment. This affects the interpretation of data
because any observed change during such a trial is confounded
by, for example, the passage of time and the very act of partaking
in the study. The latter could, for example, cause stress to the par-
ticipants or inspire a change in diet or physical activity, subcon-
sciously or otherwise. As a result, while these baseline-controlled
trials can serve as pilot studies, idea-generating ventures, and

Table 1. Overview of the reports from clinical NR trials included in this review.

First author Year
published

Group treated Treatment
group size

Placebo
group size

Daily NR
dose (mg)

Duration Reference
in review

Trammell 2016 Healthy 12 0 100, 300, 1000 24 hours (24)

Airhart 2017 Healthy 8 0 2000 8 days (25)

Dellinger 2017 Elderly 40 40 250, 500 60 days (40)

Dollerup 2018 Obese, insulin resistant 20 20 2000 12 weeks (4)

Martens 2018 Elderly 24 24 1000 6 weeks (37)

Conze 2019 Healthy 32–34 34 100, 300, 1000 8 weeks (32)

Dollerup 2019 Obese, insulin resistant 20 20 2000 12 weeks (5)

Elhassan 2019 Elderly 12 12 1000 21 days (33)

de la Rubia 2019 Amyotrophic lateral
sclerosis

10–14 10–13 1000* 4 months (43)

Zhou 2020 Heart failure 4 0 2000 9 days (26)

Dollerup 2020 Obese, insulin resistant 20 20 2000 12 weeks (6)

Remie 2020 Obese 13 13 1000 6 weeks (34)

Dolopikou 2020 Young/elderly 12 12 500 2 hours (36)

Simic 2020 Acute kidney injury 3–5 0–2 250, 500,
1000, 2000

2 days (42)

Veenhuis 2021 Ataxia telangiectasia 24 0 25/kg (max 900) 4 months (27)

Stocks 2021 Healthy 8 8 1000 7 days (35)

Nascimento 2021 Obese 8 8 1000 6 weeks (39)

Wang 2022 Heart failure 20 10 2000 12 weeks (29)

Brakedal 2022 Parkinson’s disease 15 15 1000 30 days (30)

Wu 2022 Healthy 12 9 1000 7 days (31)

Vreones 2022 Elderly 24 24 1000 6 weeks (38)

Dellinger 2022 Nonalcholic fatty
liver disease

24–36 27–31 250, 500 6 months (41)

Jensen 2022 Elderly 16 15 1000 44 days (8)

Lapatto 2023 Obese 3–16 0 1000 5 months (28)

Peluso 2023 Obese, insulin resistant 20 20 2000 12 weeks (7)

*Not formally disclosed.
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limited support for findings in properly controlled trials, their
results should be considered preliminary. If additional nonplacebo
groups are added to the study, these may serve to elucidate whether
the different groups react differently during an intervention;
however, without placebo controls, the findings will still be con-
founded as described above. In other words, an observed difference
after a specific treatment is always of potential interest, but without a
matched placebo group, the difference cannot be attributed to the
treatment per se. On this note, there are specific examples where the
likelihood that an observed difference is a direct result of treatment
is very high. Changes to the NAD metabolome after supplementa-
tion with NAD precursors is one such example, but it is worth
bearing in mind that even this could, in principle, be confounded.

Trammel et al. (24) performed the first study of human NR sup-
plementation on just a single individual. More specifically, a 52-
year-old, healthy, male volunteer weighing 65 kg received 1000
mg of NR every morning for a week. Blood and urine samples
were collected at multiple time points throughout this period and
demonstrated a relatively stable increase in NAD+ and NAAD
levels of peripheral blood mononuclear cells (PBMCs). More tem-
porary increases were observed for NMN and NAD phosphate
(NADP+) as well as for the excretion-bound MeNAM, Me2PY,
and Me4PY, while NAM and ADPR levels seemed to fluctuate

throughout the period. In urine, NAM, MeNAM, Me2PY, and
Me4PY were increased, highlighting an increased excretion of
NAD-related compounds after NR supplementation. The authors
followed up with a small human trial using 100 to 1000 mg of
NR. The results from the 12 participants showed that in PBMCs,
MeNAM and Me2PY were consistently increased by NR during
the first 24 hours after an oral NR dose, whereas NAD+ and
NAAD were increased only at 24 and 8 hours, respectively, and
NAM and NMN showed no change. A more robust response may
have been observed had all participants received the highest dose of
NR, but nonetheless, the trial suggested that orally ingested NR can
increase the presence of NAD metabolites in PBMCs.

Airhart et al. (25) later assessed the general safety and efficacy of
NR in eight human volunteers. It was reported that the steady-state
levels of NR and NAD+ in whole blood were increased by oral NR
after 8 days of escalating NR doses (250 to 2000mg/day) followed by
a single administration of 1000 mg on the ninth day. The way the
steady state was calculated in this study was simply the average level
of each compound during the first 12 hours after the last dose of NR.
During this period, NAD+ did appear to reach a steady state in the
blood, but this was not the case for NR, which seemed to peak and
then trough within this interval. While still a useful measure of the
average systemic exposure to NR during the 12 hours between

Fig. 1. Pathways of mammalian NAD+ biosynthesis and metabolism. Metabolites are shown in green, and enzymes are shown in blue. Major NAD+-consuming
enzymes are in red, and CD157 degrades both NAD+ and NR. Abbreviations: TRP, tryptophan; ACMS, 2-amino-3-carboxymuconate semialdehyde; QA, quinolinic acid;
NAMN, nicotinic acid mononucleotide; NAR, nicotinic acid riboside; NA, nicotinic acid; NAAD, nicotinic acid adenine dinucleotide; NAD+, nicotinamide adenine dinucleo-
tide; NAM, nicotinamide; NAMOX, nicotinamide N-oxide; MeNAM, methyl-nicotinamide; Me2PY: N-methyl-2-pyridone-5-carboxamide; Me4PY, N-methyl-4-pyridone-5-
carboxamide; NR, nicotinamide riboside; NMN, nicotinamide mononucleotide; TDO, tryptophan-2,3-dioxygenase; IDO, indoleamine-2,3-dioxygenase; QRPT, quinolinic
acid phosphoribosyl-transferase; NRK, nicotinamide riboside kinase (1 and 2); NAPRT, nicotinic acid phosphoribosyltransferase; NMNAT, nicotinamide mononucleotide
adenylyltransferase (1, 2, and 3); NADS, nicotinamide adenine dinucleotide synthase; CYP2E1, cytochrome P450 2E1; NNMT, nicotinamide N-methyltransferase; AOX1,
aldehyde oxidase 1; PNP, purine nucleoside phosphorylase; NAMPT, nicotinamide phosphoribosyltransferase; PRPP, phosphoribosyl pyrophosphate; PPi, inorganic py-
rophosphate; ATP, adenosine triphosphate.
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twice-daily doses, the NR levels in blood cannot be said to have been
in a steady state during this period. Nevertheless, the authors note
that the level of NR in the blood was highly variable among partic-
ipants and speculate that either a type of active transport of NRor its
degradation in the gut could result in distinct populations of re-
sponders and nonresponders with regard to oral NR supplementa-
tion. Considering the immense importance of the microbiota for
the breakdown and effective utilization of oral NR, as detailed pre-
viously (21–23), variations in the microbiota could very well explain
the observed differences. A variety of additional measurements was
performed on these eight participants, and decreases were observed
in blood potassium, hematocrit, hemoglobin, and platelet count
after the intervention, although the changes were slight and, accord-
ing to the authors, not clinically relevant (25). Meanwhile, body
weight, blood pressure, blood glucose, and various markers of
liver and kidney damage were unaltered during the intervention.

Another pilot study by Zhou et al. (26), including many of the
same researchers as above, gave four patients with heart failure es-
calating doses of NR (500 to 2000 mg daily) for 5 to 9 days. Whole
blood NAD+ levels and basal and maximal respiration of PBMCs
were increased after the intervention. In addition, mRNA expres-
sion levels of two markers of inflammation, interleukin-6 (IL-6)
and IL-18, were decreased in PBMCs from these patients, while
NLRP3 and IL-1B did not reach statistical significance. One poten-
tial issue with the interpretation of these data is that it appears as if
the gene expression values for each individual was independently
normalized to reach a posttreatment result of 1, rather than using
a common normalization factor to reach a mean of 1. Since the
paired t test, as used here, bases its calculation on the absolute dif-
ferences between data point pairs, such a normalization strategy will
result in incorrect P values. Even so, gene expression changed in the
same direction for all subjects, and considering the small sample
size, this is probably just as meaningful an observation.

In a study including more participants, Veenhuis et al. (27) in-
vestigated NR for the treatment of ataxia telangiectasia in 24 chil-
dren (above 2 years of age) and adults. For this trial, participants
were treated with NR for 4 months at a daily NR dose of 25 mg/
kg up to a maximum of 900 mg. This is an atypical approach to
dosing as it means that the participants with a body weight lower
than 36 kg, assumedly a subgroup entirely made up of children, re-
ceived a larger relative dose than those with a higher body weight.
The authors used multiple scoring systems to assess the develop-
ment of ataxia telangiectasia through evaluation of motor skills
and speech. Of these, the ICARS and SARA systems suggested im-
provement during the intervention, which disappeared during the
washout period, whereas 9-HPT, RDA/P-RDA, and ICS scores dis-
played no change. Unfortunately, as commendably brought up in
the report, the longitudinal development of ataxia telangiectasia
has not been studied in detail. In conjunction with the absence of
a placebo group, this raises the question of whether the change can
truly be attributed to NR or could result from uncontrolled param-
eters, such as the placebo effect or seasonal dependence of disease
severity. There was no change with NR treatment in biomarkers of
ataxia telangiectasia, quality of life assessment, HbA1c, or various
markers of renal and hepatic function. However, NAM, MeNAM,
Me2PY, and Me4PY were increased in the plasma after NR
treatment.

A more recent study of NR was performed by Lapatto et al. (28)
and composed of two study arms, of which one was placebo

controlled. Unfortunately, the placebo-controlled arm of the
study cannot be meaningfully interpreted in its current form.
Despite their sample size of 4, the authors applied the Wilcoxon
signed-rank test, which has a minimum sample size requirement
of 6. This means that reaching statistical significance was a mathe-
matical impossibility, for which reason the results from this arm of
the study will not be discussed. The other arm of the study was
focused on body mass index (BMI)–discordant monozygotic
twins without placebo controls. Data from this part of the study
were also analyzed mostly by the Wilcoxon signed-rank test, and
a comprehensive table was provided to support the notion that
NR acts irrespective of BMI. However, the sample sizes range
from 3 to 16 without specification for each individual parameter.
Thus, some of the reported parameters fall below the required
sample size for the test, and it is unclear how many parameters
are affected. Nevertheless, on the basis of their results, the authors
conclude that “[…] NR acts as a potent modifier of NAD+ metabo-
lism, muscle mitochondrial biogenesis and stem cell function, gut
microbiota, and DNA methylation in humans irrespective of BMI.”
This is an overinterpretation as the absence of placebo controls pre-
cludes this type of conclusion. A concrete example of the problem is
that the authors attribute correlations between changes in 5’-C-
phosphate-G-3’ (CpG) methylation and expression of associated
genes to the treatment with NR. The reason this is problematic is
illustrated by one of the highlighted genes in the paper, PGC-1α,
for which it is shown that hypomethylation correlates with a
change in expression. However, the figure detailing PGC-1α expres-
sion shows that it does not change according to any discernible
pattern during the intervention with NR. Thus, the observed corre-
lation was caused by unmodeled, individual factors. In addition, the
statement that NR is a potent modifier of the gut microbiota was
made despite the absence of changes in α diversity, β diversity, or
bacterial abundance at either the phylum or family level. Instead, it
is based on a change in the genus Faecalibacterium, which did not
reach statistical significance after false discovery rate correction. The
authors proceeded to investigate the only known species of the
genus, F. prausnitzii, but rather than providing a P value, they use
Cohen’s d due to “great interindividual variation.” This is problem-
atic because Cohen’s d does not assess the strength of the evidence
for a difference between two means like a statistical test but only
describes the difference between two means measured using stan-
dard deviations as the unit. Moreover, interindividual variation
should not be a concern for the paired statistical testing used in
the paper. If instead the authors meant that it was due to “great in-
terindividual variation in response,” it effectively means that F.
prausnitzii did not change abundance according to any pattern
during the intervention. Lastly, the reported results of the metabo-
lomics analysis were based on uncorrected P values despite the
availability of properly false discovery rate–corrected values in the
provided table. The issues outlined here were exacerbated by an un-
fortunate tendency in the report to attribute beneficial changes to
the effect of NR, whereas detrimental changes, such as the increase
in insulin resistance and bodyweight, were glossed over or attributed
to the effect of time.

Collectively, most of the reports on human NR trials without a
placebo group are cognizant and honest about the limitations
imposed by this inferior design, and, together, they indicate that
NR is safe to consume, that multiple NAD-related metabolites are
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increased in blood after supplementation with NR, and that NR po-
tentially reduces inflammation and improves ataxia telangiectasia.

Parallel-design trials with placebo control
In a follow-up trial to the heart failure pilot study (26), Wang et al.
(29) split patients with clinically stable heart failure into unequal
groups receiving escalating doses of NR (500 to 2000 mg/day, n =
20) or placebo (n = 10) for 12 weeks. A range of prespecified vari-
ables of interest, including potassium, glucose, homeostatic model
assessment for insulin resistance (HOMA-IR), blood pressure, body
weight, hematocrit, hemoglobin, and platelet count, as well as renal
and hepatic markers were not affected by NR in comparison to the
placebo group.Whole bloodNAD+ levels were stably increased after
12 weeks of NR treatment, albeit with highly individual magnitude,
and appeared to have reached this new steady state already in week 4
—1 week after switching to the largest NR dose. Whole blood NR
did not reach a new steady state during this period but did increase
acutely, as had been previously observed and misrepresented (25).
The ratio between NAD post- and preintervention correlated well
with the log-transformed post/pre ratio of both basal and
maximal respiration of PBMCs isolated from NR-receiving patients
(29). Similarly, the log-transformed post/pre ratio ofNLRP3mRNA
correlated with the post/pre ratio of NAD+, although other inflam-
matory markers did not reach statistical significance in this regard.
Direct comparisons of basal and maximal respiration as well as of
inflammatory marker levels between placebo and NR groups were
not reported. The lack of such comparisons is highly unfortunate
since it follows that the effect of NR on respiration and inflamma-
tion was not properly assessed.

In addition to heart failure, NR has also been tested in the setting
of Parkinson’s disease by Brakedal et al. (30). In this study, 30 newly
diagnosed (mainly male) patients were split into two groups receiv-
ing either NR (1000 mg/day) or placebo for 30 days. Treatment with
NR increased NAD levels in the brain, as assessed by magnetic res-
onance spectroscopy. In cerebrospinal fluid, Me2PY levels were in-
creased by NR treatment, but other NAD-related metabolites were
below the limit of detection. In muscle, NR treatment increased the
levels of NAAD, NAMOX, Me2PY, and Me4PY. MeNAM was also
increased in muscle compared to baseline, but this was not unique
to the NR-treated patients. The presence of NAMOX in skeletal
muscle is unexpected considering that no NAMOX-producing
enzymes have been identified in this tissue (13, 17). In PBMCs,
NAAD and MeNAM were increased by NR. In both muscle and
PBMCs, a host of targets were assessed, including NAD+,
NADP+, NA, NR, NAM, NMN, NAMN, and ADPR, but none of
these changed with NR treatment. Nonetheless, the authors report-
ed an NR-associated change in cerebral metabolism, and when only
the subset for whom cerebral NAD was increased by NR treatment
was analyzed, treatment could be associated with clinical improve-
ment of Parkinson’s disease. This type of post hoc exploratory sub-
setting is arguably not appropriate, but the finding is interesting and
supports the previously published notion of responders and nonre-
sponders when it comes to oral administration of NR (25, 29). In
patients with Parkinson’s disease, a reduction in cerebrospinal
fluid inflammatory markers was observed with NR treatment
(30). Serum inflammatory markers were also reduced but not
uniquely in NR-treated patients. Nevertheless, on the basis of
RNA sequencing data, NR affected the expression of 58 genes in
muscle and 13 genes in PBMCs. The differentially expressed

genes in muscle were generally associated with proteasomal func-
tion and RNA transport, whereas those in PBMCs were associated
with mitochondrial, ribosomal, lysosomal, and proteasomal path-
ways. Intriguingly, type I interferon signaling was also represented
in the supplemental lists for bothmuscle and PBMCs. This supports
a separate report by Wu et al. (31) where RNA sequencing was per-
formed on isolatedmonocytes from people supplemented for 7 days
with NR (1000mg/day; n = 12) or placebo (n = 9). Specifically, these
results suggested that NR supplementation reduced type 1 interfer-
on signaling and autophagy. Samples of whole blood from these vol-
unteers confirmed that NR increased NAD+, NAAD, ADPR,
and Me4PY.

The largest trial of NR in humans to date was conducted by
Conze et al. (32) and tested three different doses of NR (100, 300,
and 1000 mg/day) against placebo in 140 (n = 32 to 34 for the anal-
ysis) healthy, middle-aged volunteers for 8 weeks. This study was
primarily concerned with the safety of NR administration to
humans. The results showed a dose-dependent increase of NAD+

in whole blood as well as increases of NAM and MeNAM in
plasma and of MeNAM andMe2PY in urine. The authors observed
some changes in hematology during the study, but these differences
were generally only from baseline rather than between NR and
placebo groups. Similarly, there were no detectable differences
between groups inmarkers of hepatic and renal function, potassium
levels, triglycerides, or cholesterol levels, and the waste product
from methylation of NAM, homocysteine, was unchanged in
plasma. Blood pressure and heart rate likewise remained unaltered.

Another relatively well-powered trial by Dollerup et al. (4–7) re-
sulted in several published reports generally concerned with metab-
olism. For this trial, 40 middle-aged, obese, insulin-resistant but
otherwise healthy men received either placebo or NR (2000 mg/
day) for 12 weeks. In the first report, NR treatment was shown to
not affect body composition, and a hyperinsulinemic euglycemic
clamp did not detect differences in insulin sensitivity (4). Moreover,
fasting glucose, HbA1c, cholesterol, and alanine aminotransferase
(ALT) in plasma remained unaffected. In contrast, plasma triglyc-
erides and the levels of NR, NAM, NAMOX, MeNAM, Me2PY,
Me4PY, and NAR in urine were increased by NR. While NAR
had the largest fold increase in urine, MeNAM, Me2PY, and
Me4PY constituted the bulk of the excreted NAD-related metabo-
lites. In the follow-up report, with a relatively large topical overlap, it
was reported that NR did not affect glucose tolerance or the levels of
insulin, glucagon, C-peptide, glucagon-like peptide 1 (GLP-1), or
gastric inhibitory polypeptide (GIP) during a glucose tolerance
test (GTT) (5). Likewise, eight separate indices of β cell function
showed no effect of NR, and plasma levels of 15 bile acids and the
adipokine, adipsin, remained unaltered. The third report had a
more muscle-centric focus and reported that NAD+, NADH,
NADP+, and NADPH were unchanged in skeletal muscle following
NR supplementation (6). Nicotinamide phosphoribosyltransferase
(NAMPT) protein was slightly reduced in the NR group, but
NRK2, SIRT3, and the total amount of acetylated proteins remained
unchanged. mRNA levels of NMRK1, NMRK2, and PGC1α were
similarly unaffected by NR treatment, and while insulin increased
the phosphorylation level of glycogen synthase and mammalian
target of rapamycin (mTOR), NR treatment did not augment this
or the levels of GLUT4 and HK2. In addition, NR did not affect mi-
tochondrial respiration, abundance, fractional area, or network or-
ganization, and lipid deposition in muscle remained unaffected.
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Lastly, the most recent report based on this study was performed by
Peluso et al. (7) and investigated how orally supplemented NR
affects the gut microbiota by analyzing stool samples from before
and after treatment. The results showed that NR did not induce dif-
ferential abundance at any of the assessed taxonomic levels. Togeth-
er, the differences associated with NR treatment in this study were
that it increased plasma triglycerides and reduced muscle NAMPT
slightly, and that NAD metabolites were effectively excreted via
the urine.

Crossover-design trials with placebo control
The findings described above regarding mitochondrial function
and bioavailability of NR to muscle were generally supported by a
previous study by Elhassan et al. (33). In this study, 12 elderly and
healthy men were supplemented with 1000 mg of NR daily for a
period of 21 days. NAD metabolites were measured in whole
blood, muscle, and urine 14 hours after the last dose was ingested.
MeNAM, Me2PY, Me4PY, and NAAD were increased by NR in
both muscle and blood, but despite 14 and 15 measured metabo-
lites, respectively, no further changes were observed in muscle, al-
though both NAD+ and NMN increased in the blood. In contrast,
the excretion of NAD+, NMN, NAM, NR, NAR, and NAMOX as
well as MeNAM, Me2PY, and Me4PY through urine was increased
by NR supplementation. The authors found no differences in
muscle mitochondrial function, substrate utilization, or blood
flow as a result of the supplementation. Likewise, grip strength,
glucose tolerance as well as nonesterified fatty acid levels, and respi-
ratory exchange ratio (RER) during the GTT were unaltered by NR.
In the biochemical analysis, various markers of hepatic, renal, and
thyroid functions were all unchanged. This was also true for
glucose, insulin, and the resulting HOMA-IR as well as cholesterol
levels, potassium, and platelet counts to name just a few from a com-
prehensive list of unchanged blood variables. The authors also re-
ported that 1088 genes (of which ~885 were protein coding) had
changed expression in muscle as a result of NR supplementation.
It can be expected, however, that most of the detected differences
in gene expression were type I errors due to multiple testing
without proper correction of P values. Nonetheless, the levels of
the inflammatory markers, IL-6, IL-5, IL-2, and tumor necrosis
factor–α, in serum were decreased by NR, in general agreement
with several other studies (26, 29–31). Unfortunately, it appears
that the results after both phases were compared to the phase 1 base-
line. On that topic, the authors note that the effect of NR had a ten-
dency to carry over beyond the washout period, which affected the
measurements after placebo in the cases where NR was given first.
The truth of this statement can of course not be verified since the
phase 2 baseline (after washout) was not included in the analysis.

Remie et al. (34) used a similar setup, albeit with 6 weeks of 1000
mg of NR, on 13 overweight/obese, middle-aged people. The results
showed an NR-induced increase in MeNAM and NAAD in muscle,
whereas NAD+, NADH, NADP, NADPH, NAM, and NMN were
unaffected. NR administration did not result in any changes to
muscle mitochondrial respiration, hepatic lipid deposition, or
various measures of cardiac function including blood pressure
and heart rate. Similarly unaffected were a range of inflammatory
markers as well as cholesterol, triglycerides, and glucose in the
blood. There was no detectable effect of NR on whole-body or
tissue-specific insulin sensitivity as measured by a hyperinsulinemic
euglycemic clamp, and substrate utilization was likewise

unchanged. They did find a decrease in fat mass and a correspond-
ing increase in fat-free mass after the NR phase. The latter of these
was associated with an increased sleeping metabolic rate. However,
especially considering the small effect sizes, it would have been
prudent to analyze body composition at day 0 in addition to the
measurement at day 40. This would have effectively ruled out the
possibility that the data were confounded by changes taking place
during the washout period. Nonetheless, the authors used magnetic
resonance spectroscopy to demonstrate that NR decreased muscle
acetylcarnitine in the rested, 3-hour fasted state during the early
evening; however, in muscle samples taken 5 days later, after an
overnight fast, NR was shown to increase acetylcarnitine. It bears
mentioning that all of the significant differences reported in this
study had small effect sizes and that the strength of the evidence
was not particularly compelling with P values ranging from 0.02
to 0.05 despite the increased statistical power afforded by the
paired analysis. Thus, whether resulting from the two different
types of assessment, the differences in fasting period, or simply
day-to-day fluctuations, it seems clear that especially the results
on acetylcarnitine should be viewed with some amount of skepti-
cism. The rest of the acylcarnitine panel, including free carnitine,
showed no effects of NR.

Maintaining the somewhat muscle-centric focus, Stocks et al.
(35) investigated the effects of 7 days of 1000 mg of NR supplemen-
tation on acute exercise in eight recreationally active men. In this
setting, NR slightly increased the levels of NAMN and NAR and
markedly increased the levels of Me2PY and Me4PY in muscle,
whereas NR, NAD+, NADP+, NAM, NMN, MeNAM, and ADPR
remained unchanged. No other NR-associated changes were report-
ed. Basic metabolic rate and substrate utilization and plasma levels
of nonesterified fatty acids, glycerol, glucose, and lactate were un-
changed during rest and exercise. As were mitochondrial function
and protein levels in the rested state. Likewise, acetylation levels of
sirtuin targets and phosphorylation levels of multiple exercise-
related proteins during rest and exercise were unaffected by NR
treatment. mRNA levels of genes associated with NAD metabolism
were generally unaffected by NR, although there was a tendency for
NR to reduce an exercise-induced increase in NNMT expression.
This study had a relatively small sample size considering the com-
mendable but intricate study design, but this was mitigated some-
what by the crossover nature of the study, and their findings are in
general alignment with previous studies (6, 33, 34).

In contrast, Dolopikou et al. (36) demonstrated some potential
with acute delivery of NR. In this study, 12 young and 12 old par-
ticipants received 500 mg of NR 2 hours before a performance test.
Blood samples were collected immediately before supplementation
and again immediately before performance testing. NADH and
NADPH were convincingly increased in blood cells from both the
young and old group, since in both cases, the reponse to NR were
different from placebo and the levels increased from baseline. More-
over, VO2max lactate and isokinetic lactatewere increased from base-
line in both young and old individuals, but this was the case in
response to both placebo and NR, albeit the change was larger in
the NR-treated groups in the case of isokinetic lactate. The remain-
der of the tested parameter changes were generally not as convinc-
ing, but there were some potential effects. F2 isoprostanes were
reduced compared to baseline but not compared to placebo treat-
ment, and glutathione (reduced form) tended to increase both com-
pared to baseline and placebo control. Superoxide dismutase level
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was affected differently in old compared to young individuals, but
this was seemingly driven by a difference between the response to
placebo andNR in young participants and was potentially a result of
large variations in the baseline level. Glutathione peroxidase was
reduced by NR in the young participants only. Lactate dehydroge-
nase levels responded differently to placebo andNR treatment in the
old participants, but this difference was driven by a change with
placebo. In general, many P values were close to the conventional
cutoff of 0.05, and the authors decided to use eight separate t tests
for each parameter without correcting P values, so it is uncertain
how many of these were false positives. Given the experimental
setup, analysis of variance (ANOVA) accounting for both experi-
mental factors and the repeated measurements simultaneously
would have increased the interpretability. For the functional read-
outs, the authors reported that isometric peak torque was increased,
and the fatigue index was reduced specifically for the old partici-
pants, while concentric peak torque and VO2max were unaffected.
For the latter, it should be mentioned that the reported variation
(SEM > 200) seems to be incorrect considering that VO2max
cannot go below 0 and that the highest levels ever recorded
remaint shy of 100 ml kg−1 min−1. Nevertheless, the interpretation
suggests a performance-enhancing effect of NR in old individuals,
but the foundation for interpretation could have been improved
considerably by using ANOVAs.

In a study byMartens et al. (37), 24 middle-aged and elderly vol-
unteers were supplemented daily with 1000 mg of NR for 6 weeks.
NAD-related metabolites were measured in PBMCs and showed
that NAD+ and NAAD were increased by NR, whereas NADP,
NAM, and NMN were not. Intriguingly, NR supplementation
reduced blood pressure and arterial stiffness, which visually was
greatest in participants with higher-than-normal levels of these var-
iables. These findings have not been supported by other reports (25,
29, 32, 34), but none of these focused specifically on the treatment of
elevated blood pressure or atherosclerosis. Therewere no observable
changes in overall motor function, exercise performance, or mea-
sures of glucose regulation, substrate utilization, markers of
hepatic and renal function, or cholesterol levels (37). Likewise, po-
tassium, platelet count, hemoglobin, and hematocrit were un-
changed by NR treatment. Newer experiments by Vreones et al.
(38) on samples from the same original study focused on extracel-
lular vesicles isolated from plasma and enriched for neuronal origin.
Only 10 of the participants had quantifiable levels of NAD+ in these
vesicles, but for this subgroup, NAD+ levels were increased after NR
treatment. NADH was measured in 22 participants and remained
unchanged by the treatment. Changes in NAD+ levels were found
to positively correlate with abundance changes in pAKT, tGSK3β,
pGSK3β, tp70S6K, pp70S6K, pERK1/2, and pJNK. Negative corre-
lations were found between NADH changes and the same targets
except for tGSK3β. Curiously, only the 10 individuals for which
NAD+ was quantifiable were used for the investigation of NADH
correlations. Investigating the phosphorylation status and total
levels of IRS-1, AKT, GSK3β, and p70S6 revealed no effect of NR,
either in the full group of participants or in the “responder” sub-
group (the nine participants for whom NAD+ levels were increased
by NR). The phosphorylation status of ERK1/2, JNK, and p38 also
remained unchanged by NR when investigating the whole group,
but pERK1/2 and pJNK were reduced specifically in the responder
subgroup. Lastly, there were no correlations between changes in
NAD+ or NADH and the markers of Alzheimer’s disease: Aβ42,

total Tau, and p-Tau-181, and their total levels were also unaffected
by NR when the whole group was assessed. Aβ42 was, however,
reduced with NR among responders. Overall, this experiment high-
lights an interesting method for future studies, but the authors are
right to report their other findings with caution since their observed
differences with NR are dependent on stratification of the
test group.

Nascimento et al. (39) assessed effects of NR at a dose of 1000
mg/day for its ability to enhance brown adipose tissue activity after
6 weeks of supplementation in eight overweight/obese volunteers.
This was done by measuring the uptake of radiolabeled 2-deoxyglu-
cose in brown adipose tissue as well as energy expenditure and non-
shivering thermogenesis in response to cold exposure. NR did not
affect these readouts.

Clinical trials of NR in combination with PT
In addition to the human trials of NR alone, there are also five
reports using a combination between NR and pterostilbene (PT)
(8, 40–43). These studies all used parallel designs with placebo
control but did not include test groups where NR and PT were as-
sessed individually. As a result, aside from perhaps the metabolites
directly associated with either compound, observed effects cannot
be attributed to NR or PT specifically.

The first study of combined NR and PT (NRPT) in humans was
conducted by Dellinger et al. (40) and focused on the safety of the
supplementation and the supposed ability to increase NAD+ levels
in whole blood of 120 elderly volunteers. NRPT supplement was
administered as 250 mg of NR and 50 mg of PT or as double
these doses daily for 60 days and was compared against placebo.
Both doses of NRPT increased whole bloodNAD+ levels in compar-
ison to baseline and placebo, while other metabolites were not
tested. In the case of diastolic blood pressure and ALT, the
authors reported a decrease from baseline specifically in the low-
dose NRPT group. Likewise, in the case of two tests of motor func-
tion, the high-dose NRPT group showed an improvement from
baseline. Nevertheless, in all these cases, no difference could be ob-
served between the NRPT and placebo groups, so the evidence is not
compelling.When total cholesterol was assessed, the delta value was
significantly higher in the high-dose NRPT group than in the
placebo group. The same was true for both NRPT doses in relation
to low-density lipoprotein (LDL) levels. This perhaps indicates a
detrimental effect of NRPT, albeit the clinical relevance is uncertain
since none of the groups changed from baseline in these parameters.
Blood triglyceride levels were lowered in the placebo group, and the
delta value was significantly different from that of the low-dose
NRPT group. This perhaps indicates that the reduction was a
natural progression that was prevented by NRPT, although this
was not adressed in the report. The authors then stratified the indi-
viduals by BMI post hoc and showed that the change in LDL was
different from baseline in the case of overweight receivers of
either placebo or low-dose NRPT and in the case of normal
weight and overweight but not obese, receivers of high-dose
NRPT. The clinical significance of these findings is uncertain, but
it is interesting that the observed tendencies of LDL, total cholester-
ol, and blood pressure were in agreement with the only investigation
of solo treatment with PT (44). Together, these findings should
prompt a thorough investigation of the potentially detrimental
effect of PT on human cholesterol levels, as others have also
pointed out (45). Other variables, including systolic blood pressure,
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hemoglobin, platelet count, potassium, and fasting glucose, were
unaltered by NRPT supplementation (40).

A substantially longer study using the same general setup was
conducted by Dellinger et al. (41) to test the effect of 6 months of
NRPT treatment on 111 adults with nonalcoholic fatty liver disease.
The primary end point of hepatic fat fraction (HFF) was improved
from baseline in placebo and low-dose NRPT groups, but no differ-
ences were found in final values or the change from baseline
between any of the groups. Fatty liver index, HOMA-IR, and
high-sensitivity C-reactive protein (hsCRP) were significantly dif-
ferent from baseline, specifically in the low-dose NRPT group,
but as with HFF, neither the final values nor the changes from base-
line differed between groups, calling into question the clinical rele-
vance. The authors proceeded to stratify the population based on a
baseline HFF of 27%. Subgroup analysis demonstrated that in the
population with lower than 27% HFF at baseline, only the group
receiving low-dose NRPT reduced HFF and fatty liver index, and
this was significantly different from both baseline and the placebo
group. In the population with higher than 27% HFF at baseline, the
placebo group demonstrated reduced HFF compared with baseline,
but no differences from the other groups in either this change or the
final values were reported. The rationale provided for the choice to
stratify at an HFF level of 27% was to specifically remove certain in-
dividuals in the placebo group from the statistical analysis because
of an observation that more people with high HFF had been ran-
domly assigned to this group. While the authors are clear that
this is a post hoc exploratory analysis, it still raises the question of
how the results would look if another cutoff point had been arbi-
trarily chosen. Moreover, this stratification created relatively large
differences in sample size between compared subgroups. These res-
ervations challenge the validity of the analysis. Nevertheless, levels
of ALT and γ-glutamyltransferase were seemingly reduced with
NRPT without arbitrary stratification although only to a small
extent. In addition, one specific ceramide (14:0) was significantly
reduced from baseline in the low-dose NRPT group, and this
change was significantly different from the change in the placebo
group. However, visually, the level of this ceramide was increased
in the low-dose NRPT group at baseline, and a statistical compari-
son at baseline was not reported, so this result may be confounded.
Triglycerides and total ceramides were unchanged by NRPT, and
unlike the previous study (40), total cholesterol and total LDL
were not affected either (41). No measurements of NAD-related
metabolites were performed.

Simic et al. (42) assessed the short-term safety of NRPT specif-
ically for patients with acute kidney injury. For this study, 24 pa-
tients were divided into eight “groups” that received either
placebo or NRPT for 2 days at a daily dose of 250 mg of NR and
50 mg of PT or two, three, or four times this amount. This meant
only one placebo-receiving participant and five NRPT-receiving
participants for each dose. Moreover, there were dropouts such
that only two placebo recipients were included in the final analysis.
These two were therefore combined to constitute a single group.
Nevertheless, when all NRPT groups were combined, they demon-
strated a significant relative increase from baseline in whole blood
NAD+ levels after 48 hours, whereas there was a relative decrease for
the placebo participants. However, the average baseline NAD+ level
of the NRPT groups was ~50% lower from the outset than that of the
placebo participants. No clinical markers were significantly affected
by NRPT treatment, but this could not be expected with such a low-

powered study design. Still, it is interesting that after the 2 days,
unlike NRPT receivers, the two placebo-receiving patients had
marked nominal reduction in average estimated glomerular filtra-
tion rate and increased blood area nitrogen in comparison to base-
line. Unfortunately, a much larger study would be necessary to draw
any conclusions.

NRPT has also been used by de la Rubia et al. (43) to treat pa-
tients with amyotrophic lateral sclerosis. In this study, daily supple-
mentation of 1200 mg of EH301 (NRPT) was tested against placebo
in 32 adult patients (43). The specific ratio between NR and PT was
seemingly not disclosed, but considering the involvement of per-
sonnel from Elysium Health, the standard 5:1 ratio was likely
used, resulting in 1000 mg of NR and 200 mg of PT per day.
NRPT treatment was associated with a general improvement in
amyotrophic lateral sclerosis, assessed using a scoring index, and
with protection of pulmonary function and muscle strength. The
treatment was further associated with a reduction in fat mass and
an increase in muscle mass. NAD and PT-related metabolites as
well as biochemical markers were not reported for this trial.

The most recently published study was conducted by Jensen
et al. (8) and tested NRPT (1000 mg of NR and 200 mg of PT per
day) in a setting of experimentally induced muscle injury in 32
elderly volunteers. For this study, NRPT supplementation was ini-
tiated 14 days before the induction of muscle injury, and partici-
pants had their last muscle biopsy 30 days after injury. Reported
results demonstrated an NRPT-induced increase of NAD+,
NAAD, Me2PY/Me4PY, and PT sulfate, a metabolite of PT, in
whole blood both before and after injury. Multiple other metabo-
lites were measured but not reported since the measurements in
blood were used only to confirm participant compliance and
uptake. Measurements of NAD+, NADH, NADP+, and NADPH
in muscle revealed no change with NRPT treatment, but no addi-
tional NAD-related metabolites were assessed in this tissue. Muscle
PT sulfate was significantly increased in the NRPT group as a whole
but was below the limit of detection in some individuals. Blood
markers, including ALT, platelets, and hemoglobin were unaffected
by NRPT treatment. Likewise, NRPT treatment did not improve
muscle function, satellite cell response, or the histological appear-
ance of the muscles after injury. There was a difference between
NRPT and placebo groups in the muscle fiber area distribution,
but this was present before supplementation.

SUMMARY OF CLINICAL FINDINGS
The general finding in human NR trials, especially those concerned
with metabolism, is that NR supplementation has very few clinically
relevant effects. That said, it bears mentioning that only ~7 years
have passed since the first report of an exploratory human NR
trial was published, and since then, many of the conducted
studies have been focused on safety, used small sample sizes, had
generally healthy, albeit in some cases elderly or obese, participants,
or all of the above. The single somewhat reproducible beneficial
effect of NR in these trials has been a reduction of inflammatory
markers in whole blood or immune cells (26, 29–31, 33). In addi-
tion, oral NR supplementation has been shown multiple times to
increase NAD+ and a range of its related metabolites in whole
blood and, occasionally, PBMCs. Data on the NAD-boosting
effect of NR in other tissues than blood is unfortunately limited
to muscle and brain at this time, and while the report regarding
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the brain is highly encouraging for further study (30), there is no
indication that oral NR increases muscle NAD+ levels.

Unfortunately, some of the human NR trial reports are rather
uncritical of their own results with a propensity to overinterpret
results. As an example of this, increased levels of NAAD,
MeNAM, Me2PY, and Me4PY are in some reports taken as indica-
tors that NAD+ metabolism is increased. However, these NAD-
related metabolites do not necessarily indicate flux through
NAD+. As mentioned previously, the primary circulating NAD+

precursors after oral NR administration are NA and NAM (22).
NAM can, in principle, be salvaged and incorporated in the
NAD+ pool, but it can also be directly methylated and excreted.
The latter appears to occur to a rather large extent, as the increase
in urinary MeNAM, Me2PY, and Me4PY is well established (4, 32,
33) and occurs shortly after NR supplementation (24). This is par-
ticularly important in relation to muscle, because while NAM is ef-
ficiently absorbed into the muscle, it is not readily converted to
NAD+ (15, 46, 47). As a result, observed increases in MeNAM,
Me2PY, and Me4PY in muscle are more likely indications of an
overload of NAM that needs to be excreted rather than of increased
flux through NAD+. Meanwhile, NA can be incorporated into the
NAD+ pool via the Preiss-Handler pathway in various tissues, but
utilization of NA inmuscle is low or nonexistent (15, 16). Even if the
observed accumulation of NAAD in skeletal muscle is a true reflec-
tion of myocyte NAAD and not just an artifact of tissue heteroge-
neity, its ability to supply the NAD+ pool is highly uncertain as the
activity of NADS, the enzyme responsible for transforming NAAD
to NAD+, appears to be lacking in this tissue (16). It is notable that
despite this, oral NA treatment of patients with mitochondrial my-
opathy and NAD+ deficiency has been demonstrated to rescue
muscle NAD+ levels and improve muscle strength, mitochondrial
function, and exercise performance (48). Similarly, multiple pre-
clinical investigations of NR have led to improved mitochondrial
function in muscle (46, 49, 50), but as detailed previously, human
studies of NR supplementation have failed to replicate this finding
(6, 33–35). The use of relatively healthy individuals for these NR
studies could potentially explain the discrepancy, so future human
trials may benefit from identifying a population with NAD+

deficiency.
Thus, despite some reservations regarding the current literature,

it is clear that oral treatment with NR in humans has not been fully
explored. NR has shown some promise in the reduction of inflam-
matory markers in blood (26, 29–31, 33), as well as in the treatment
of diverse severe diseases (26, 27, 29, 30) and, potentially, hyperten-
sion (37). These findings all deserve rigorous follow-up studies.
Likewise, NRPT may be beneficial for patients with acute kidney
injury (42) or amytrophic lateral sclerosis (43), although further
studies are needed to ascertain this, as well as to delineate the indi-
vidual effects of these two compounds.
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